To support the implementation of quantitative microbial risk assessment (QMRA) for managing infectious risks associated with drinking water systems, a simple modeling approach for quantifying Log 10 reduction across a free chlorine disinfection contactor was developed. The study was undertaken in three stages: firstly, review of the laboratory studies published in the literature; secondly, development of a conceptual approach to apply the laboratory studies to full-scale conditions; and finally implementation of the calculations for a hypothetical case study system. The developed model explicitly accounted for variability in residence time and pathogen specific chlorine sensitivity. Survival functions were constructed for a range of pathogens relying on the upper bound of the reported data transformed to a common metric. The application of the model within a hypothetical case study demonstrated the importance of accounting for variable residence time in QMRA. While the overall Log 10 reduction may appear high, small parcels of water with short residence time can compromise the overall performance of the barrier. While theoretically simple, the approach presented is of great value for undertaking an initial assessment of a full-scale disinfection contactor based on limited site-specific information.
INTRODUCTION
The framework for safe drinking water promotes the management and mitigation of water-related infectious risks through systematic assessment of a water supply from catchment to tap (Bartram et al. ; WHO , ) .
Quantitative microbial risk assessment (QMRA) is a powerful tool for supporting the systematic assessment of drinking water supplies (Medema & Smeets ; Smeets et al. ) . Chlorination continues to be the most widely used water treatment globally, and is effective at low doses for a broad range of micro-organisms. The efficacy depends on numerous site-specific factors related to water quality (temperature, pH, and organic constituents), dosage and contact time and does vary between microorganisms (Haas ; LeChevallier & Au ) . Fecal coliform bacteria, historically used to ensure water safety, are much more readily inactivated by free chlorine in comparison to some more persistent viruses and protozoa (Ashbolt et al. ) . Therefore, absence of indicator bacteria in finished water is a poor measure of disinfection performance.
Measuring the inactivation of pathogens by chlorine at full scale is difficult if not impossible and therefore modeling is an essential tool for assessing disinfection performance.
Modeling approaches rely on quantifying the dose of chlorine (defined as Ct: Chlorine concentration (mg L -1 ) × time (min)) and predicting the pathogen kill associated with that dose. Modeling approaches vary in their simplicity from generic point estimates (USEPA a) to detailed site-specific models (Bellamy et al. ) . Simple point estimate models are limited in their capacity to describe barrier variability, and hence have limited value to support management of the waterborne risks. Detailed models are preferred, however they require significant investment of time and resources to develop and calibrate. There is a need for a simple modeling approach that can be used to quantify disinfection efficacy for QMRA as part of a screening level risk assessment, which allows for the key risk drivers to be explored. The approach needs to rely on the best available scientific literature, and require limited sitespecific information.
The objective of this study was therefore as follows:
• Review the published studies in the literature on pathogen and indicator sensitivity to free chlorine in order to quantitatively compare pathogen sensitivity both within and between pathogen groups.
• Develop a model to quantify Log 10 reduction across a contactor accounting for variability in residence time, and drawing on the pathogen specific chlorine sensitivity from the literature. The model should support the needs of water safety managers at the screening level and rely on limited site-specific information.
• Compare the calculations from this new approach with other comparable screening level methods (Ct calc, continuously stirred tank reactor (CSTR) equation).
MATERIAL AND METHODS
The study was undertaken in three stages: firstly, review of the laboratory studies published in the literature; secondly, development of a conceptual approach to apply the laboratory studies to full-scale conditions; and finally, implementation of the calculations for a hypothetical case study system and compare with alternate approaches.
Literature review
Peer reviewed published laboratory studies on the sensitivity of human enteric pathogens and indicators to free chlorine were collated and reviewed. This was based on a systematic search beginning with the citation list of selected drinking water treatment reference documents (USEPA a; LeChevallier & Au ; WHO ), extended with database searches including Science Direct, PubMed, Google scholar and selected medical, and technical journals. Articles were limited to those addressing free chlorine inactivation only (not in combination with other agents) in drinking water of enteric pathogens and selected indicator organisms. When reviewing the reported data, attention was given to the experimental conditions including temperature and pH, chlorine dosage, organism strain, and method of statistical analysis. For comparison between published studies, it was necessary to translate reported results into a common measure. The selected common measure was the required Ct for a 1, 2, 3, 4, and 5 Log 10 reductions, up to the maximum demonstrated reduction for each particular study. For some studies, this required a reanalysis of the reported results and/or visual reading off published graphs. The methods used to reach the common metric are summarized in Table 1 .
Conceptual model
The conceptual model relied on a simple dose-response relationship to describe pathogen inactivation. The dose was defined as the Ct delivered across the chlorine contactor, which is expected to be variable depending on the residence time distribution and the chlorine concentration. The response was described by a pathogen specific survival function S(Ct) (probability of survival as a function of Ct).
The conceptual model therefore required quantification of three components:
1. the residence time distribution of the contactor; 2. the free chlorine concentration across the contactor;
3. pathogen specific survival functions based on the results of the literature review.
Combining parts (1) and (2) provided a distribution of the Ct for the full-scale contactor.
The residence time distribution
The residence time distribution is unique to any particular disinfection contactor; however, a simple theoretical approximation can be made assuming that the contactor consists of CSTRs in series (Nauman & Buffham ; Do-Quang et al. a, b) . The theoretical distribution of residence times is represented by E(t), where t is the time inside the contactor. For a number of CSTRs in series E(t) is given by where n is the number of CSTRs in series and is selected to be equal to the number of cells separated by simple baffles, and τ is the mean residence time (MRT) of each CSTR.
Optimal hydraulic behavior for a contactor is theoretical plug flow where all water parcels achieve an identical contact time (number of CSTRs is assumed to be very high).
The free chlorine concentration
The chlorine concentration across the contactor is influenced by the magnitude, method and location of dosing;
the mixing characteristics of the contactor; the chlorine demand and the chlorine dissociation rate. A simplified approach for quantifying chlorine concentration over the contactor was selected. Following initial losses, the free chlorine residual was assumed to follow first-order dissociation (C t ¼ C 0 e Àkt ) where k is the chlorine dissociation rate, C 0 is the initial chlorine residual and C t is the chlorine concentration at time t).
Pathogen specific survival functions
By relying on pathogen sensitivity results reported from laboratory scale experiments in the literature, a survival curve (probability of survival versus Ct) was constructed for each pathogen. For each bacteria and virus, required Cts for 1, 2, 3, 4, 5 Log 10 reduction (up to the maximum of reported observations) were selected based on the most conservative result over the entire pH and temperature range, rounded up to one significant figure. The survival function was then constructed by linear interpolation between each Ct value (note: P Survival ¼ 10 ÀLog 10 reduction ).
Case study: comparison between three approaches
The Log 10 reductions for five selected reference pathogens (Campylobacter, Escherichia coli O157:H7, rotavirus, norovirus, Giardia) were calculated across a hypothetical chlorine contactor with assumed initial chlorine residuals of 0.4 and 1.5 mg L -1 ; a MRT of 12 min and a chlorine dissociation rate of 0.1 min -1 . The hydraulic behavior was classified as poor, medium or good, and calculations of treatment efficacy were undertaken based on the following three approaches.
Approach 1: The Ct calc method
The Ct calc method is a simplified approach recommended by the USEPA for benchmarking disinfection processes. Contact time was calculated as the MRT × baffling factor (BF) (USEPA a). BF equaled 0.3 for poor hydraulics, 0.6 for medium hydraulics and 1.0 for perfect plug flow.
Rather than select the chlorine concentration at the outlet of the contact tank, to compare between approaches, the chlorine concentration was integrated over the contact time of the contactor. For the calculated Ct, the k 10 (the first-order inactivation coefficient for each pathogen on a Log 10 scale) was used to predict the Log 10 reduction. To facilitate comparison with approach 3 (see below), the survival functions were used to quantify the inactivation rate on a Log 10 scale, assuming Log-linear reduction:
where Ct n was the C t required to achieve Log 10 reduction n (maximum demonstrated Log 10 reduction for each pathogen).
Approach 2: CSTR approach
The CSTR equation has been applied in drinking water treatment for ozone disinfection contactors (USEPA b;
Smeets et al. ). The Log 10 reduction was quantified using the following equation:
where k 10 is the first-order inactivation coefficient for the pathogen on a Log 10 scale; n is the number of CSTRs; Cl i is the chlorine concentration in CSTR i, in mg L -1 (calculated assuming first-order inactivation across previous CSTRs with assumptions consistent with approach 1 and 3), and t i is the hydraulic residence time for CSTR i. For poor hydraulics, two CSTRs were selected, medium-good hydraulics six CSTRs, and for near perfect plug flow 20
CSTRs.
Approach 3: The method proposed 
RESULTS

Review
The collation of published laboratory studies on inactivation of human enteric pathogens and indicators due to free chlorine, translated to the common metric of required Ct for 1, 2, 3, 4, and 5 Log 10 reduction, are summarized in Table 2 for the bacteria, Table 3 for viruses and Figure 1 for Giardia. strains required a Ct of 0.52-0.63 min mg L -1 (pH ¼ 7;
, however the concentration of chlorine was much higher in the wild-type study.
There was considerable variability in persistence between virus types (Table 3 , Figures 3 and 4) . These compilations and illustrations show that adenoviruses, reoviruses, simian rotaviruses and caliciviruses were susceptible to chlorine with Ct for 3 Log 10 inactivation typically less than 0.5 min mg L -1 . Enteroviruses were more resistant with a required Ct for 3 Log 10 inactivation of ∼20, ∼90, and respectively, using the same laboratory strain (Faulkner strain). The feline caliciviruses and murine noroviruses (suggested as surrogates for human noroviruses, since the latter cannot be cultivated) were easily inactivated by free chlorine. Of the two bacteriophages included (Table 3) , coliphage V1 was up to an order of magnitude more resistant to free chlorine inactivation than the MS2 phage.
Berman & Hoff () specifically investigated the impact of cell-association on survival of simian rotavirus, and observed higher persistence for cell-associated viruses (Table 3 ). It is difficult to quantify the magnitude of the protective effect at pH 6 since the unassociated viruses were so quickly inactivated; however, if the Ct for 3 Log 10 inactivation was assumed to be at the limit of detection (0.025 mg L -1 ), then the required Ct for 3 Log 10 inactivation was increased by an order of magnitude due to cell association; at pH 10, the required Ct for 2 Log 10 inactivation (3 Log 10 inactivation was not observed in the unassociated virus) was increased by a factor of three. nr, not reported.
All studies identified infectious viruses by ability to infect host cells in tissue culture/plaque assay procedures.
Except where stated otherwise, all strains used in studies were laboratory strains. a Data transformations explained in Table 1 , '-' indicates that results are as reported in the original publication.
Giardia is much more resistant to inactivation by free chlorine than bacteria and viruses and has therefore been used as a conservative reference pathogen for disinfection, most notably in the USEPA long-term 1 surface water treatment rule (LT1SWTR) (USEPA a). As a result, more detailed research and modeling has been undertaken on Giardia in order to quantify the Ct requirements for 4 Log 10 inactivation under different dosing, temperature, and pH con- 
Conceptual model
The conceptual model accounts for variability in the residence time of the disinfection contactor, chlorine decay across the contactor and for pathogen specific survival functions. The residence time distribution represented by the theoretical tanks in series model (MRT ¼ 12 min) is illustrated in Figure 5 with three hydraulic assumptions (two, six, and 20 CSTRs). With few CSTRs (two) the residence time is highly variable, with some portions of flow exhibiting a very short residence time (<1 min). As the hydraulics are assumed to improve with increasing CSTRs (approaching plug flow), the variability in residence time is reduced, and hence the portion of flow that is able to short-circuit the contactor with minimal residence time is reduced.
The survival functions were used to predict the Log 10 reduction for each pathogen, given a quantified chlorine dose (Ct), as illustrated in Figure 6 () that formed the basis for Ct requirements of the USEPA surface water treatment rule was used. While not possible for other pathogens, the pH, dose and temperature dependence was therefore incorporated into the QMRA model for Giardia.
Hypothetical case study
A comparison of Log 10 reduction performance for the hypothetical contactor, using each of the three proposed approaches is given in Table 5 (initial residual of 0.4 mg L -1 )
and Table 6 (initial residual of 1.5 mg L -1 ). In each case, as the hydraulics of the contactor was assumed to be improved, the predicted Log 10 reduction increased. For
Campylobacter at a dosage of 0.4 mg L -1 (Table 5) , with approach 1, increasing the BF from 0.3 to 1 increased the calculated Log 10 reduction from 4.5 to 15.1. For approach 2, increasing the assumed number of CSTRs from 2 to 20 increased the calculated Log 10 reduction from 2.4 to 9.2.
For approach 3, the flow weighted mean Log 10 reduction was similar and increased from 2.8 to 9.0 Log 10 .
The proposed method (approach 3) for quantifying contactor performance explicitly accounted for variability in residence time distribution. When hydraulic performance was assumed to be poor, very low Log 10 reductions were predicted for a portion of flow. For example, consider the quantiles of Log 10 reduction of Campylobacter with an initial chlorine residual of 1.5 mg L -1 in Table 6 . While the Ct calc method predicted 17 Log 10 reduction, results from method 3 predicted that 0.1% of flow may only achieve less than 1.9 Log 10 reduction. Improving the hydraulic Clark et al. (1990) . performance (increasing the assumed CSTRs to 6 and 20)
reduced the impact of this small portion of flow.
DISCUSSION
A large number of studies reporting the sensitivity of human enteric pathogens to free chlorine inactivation have been reviewed and compared by transforming reported results to a common metric. A statistical meta-analysis of all data was not adopted due to the variation between studies and the many unquantifiable uncertainties underlying the data, including the following:
• Table 6 for Campylobacter, the predicted Log 10 reduction using the In addition to residence time, mixing behavior within contactors has also been shown to affect disinfection efficacy and needs to be considered for a detailed analysis (Haas  for viruses to be 2-30 min mg L -1 at 0-10 W C and pH 7-9;
for bacteria to be 0.04-0.08 min mg L -1 at 5 W C and pH 6-7; and for protozoa (identified as mainly Giardia) to be 25-245 min mg L -1 at 0-25 W C and pH 7-8. Slightly broader but similar ranges were reported by LeChevallier & Au (). The literature review data summarized in Tables 2   and 3 show the documented considerable variability between pathogens in their sensitivity to chlorine. Reference pathogens are selected for QMRA under the assumption that they are conservative models for all pathogens in their respective microbial group. If the water treatment operation is designed to protect the consumer from the reference pathogen, then it is assumed that the consumer will also be protected from all pathogens within that group. The reference pathogens used in the model were not conservative choices for chlorine disinfection, but were selected due to their high prevalence in the community, and high infectivity.
When undertaking QMRA of systems that use free chlorine disinfection, it may be more reasonable to consider the resistance of enteroviruses such as echovirus or coxsackie- The approach for quantifying chlorine concentration across the contactor was very simplistic. Different approaches for modeling chlorine decay have been reviewed by Clark & Sivaganesan () . Particularly in the initial stages of disinfection, the first-order relationship has been shown to be appropriate; however, the first-order model is not capable of reproducing the higher decay rates often observed in the initial stages of chlorination nor the slow tailing off of the decay at very long reaction times While the overall Log 10 reduction may appear high, small parcels of water with short residence time can compromise the overall performance of the barrier. QMRA is an emerging tool for the assessment, management and communication of water-related infectious risks. While theoretically simple, the approach presented is of great value for undertaking an initial assessment of a full-scale disinfection contactor based on limited site-specific information.
